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STATISTICAL ANALYSIS OF THE CHARACTERISTICS OF
REPEATED GUSTS IN TURBULENT AIR
By A. I. Moskovitz 'and A. L-i. Peiser

SUMMARY

Statlstlcal methods have besen applied to acceleration
and alrspeed data cbteined with the XC-35 alrplane during
Tlights 1n turbulent air within convectlive clouds to deter-
riine some of the characteristiecs of repested or closely
spaced gusts pertinent to design problems. The results:
indicated that, in turbulent eir within convective clouds,
gusts tend to be contiguous and are seldom found lsolated
in space. In about two-thirds of the cases, successive
gusts were opposite in dlrection end the flrst and
the second gust seemed to have an equal chance of belng
the larger. The over-all average spaclng between repeated
gusts was in good sgreement wlth twice the aversdage gust-
gredient distence cf 10U chords used in the nresent design
requirements.

For sets of two and three repeated gusts, average
absolute gust intensitles in tine neighborhood of the
deslgn gust veloclty of 30 feet per second were encountered.
Within the scope of the data presented, sets of two and
three repeated guats with aversage sbsolute effective gust
velocltles of 25 feet rer second end 25.5 feet per second,
respectively, apperently will be encountered in turbulent
alr aa often as single gusts of 30 feet per second.

INTRODUCTION

In the pest, consideration of the intensity and
frequency of occurrsnce of -large single gusts has led to
& reasonable set of design gust conditions. The desizn
conditlons so derived neglect the response of the alrplane
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to gusts prsviously encountered and are based on the
assumption that, over a reasonable range of airplane
characteristics, the motions of all conventionel airplanes
ere similar, An airplane may, however, encounter a
sequence of gusts 1n rapld successlon with such spaclngs,
directions, and intensities thet the load lmpulses are
placed in resonance elther with the wing frequency or
with the frequency of the pltching motlions as determined
by stability and control characteristics. It has been
demonstrated 1in reference 1 that resonance with the wing
frequency can lesd to serlous dynemlc overstress of the
wing structure. The existence of the problem of resonence
wilth the frequency of vitching motions has been recognized
in reference 2. If these problems are to be considered
In connection with & partlculer airplane, the designer
must have Informetlon concerning the probebility that

the sets of gusts having the spacings, directions, and
intensitles critical for the designed structure or sta-
bllity charscterlstics will be encountered.

An opportunlity to obtaln such iInformetion 1s afforded
by acceleration snd sirspesed dsesta obtained with the XC-35
alrplane (refsrence 3) during flights through turbulent
alr 1n convective clouds. Analysls of these data lndicated
that stetlistlcal procedures could be utlllized to detsrmine
some of the more Iimportant properties of repeated gusts.
These dets, therefors, heve besen re-examined to obtaln
Informetion concerning spacings, dlrections, snd inten-
sltles of sets of gusts in a form amensble to statistical
analysis,

Since criticel sets of gusts are determinsd by
Indivlidual airplasne cheracteristics, no definite recom-
mendations concerning design conditions for repeated gusts
can be made. Hence this paper will merely lndliczte the
methods cf enslysis and wlll present results for as many
pheses of the repested-gust problem as 1s feesible in a
form sultable for sgpplicetion to serodynamic and structural
design problems.

METHODS AND RESULTS
Baslic Data

The data for the repested-gust snelysis were taken
from time-history records of alrspeed and acceleration
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obtalned with the XC-35 airplane during flights through
turbulent air within convective clouds. A typical accel-
eration time history 1s shown in figure 1. These records
hdd dlready been evaluated for reference 3 and were ‘in a
convenient form for the present analysis. The time
interval between siuccessive gust peaks had been recorded,
and effective gust velocitles U, had been corputed by
means of the sherp-edged-gust formula (reference h)

poUema
S

where

An acceleration increment normal to chord of wing,
g units

Po mess densdty of alr at sea level, slugs per cubic
foot

Ue effectlve gust veloclty, feet per second

Ve equivalent alrspesd (the alrspeed relested to the
true airspeed by the density ratio and equal to

Vcl/a), feet per second
\' true elrspeed, feet per second
c relative density
m slope of 1lift curve, per redlan

w welght of alrplsne, pounds
S wing area, square feet .

It should be noted that the effective gust velocity
defined by this formula 1s a flctlitious quentity which
is a meesure, under average conditions, of the intensity
of the true gust (reference li) and permits the transfsr
of accelersation data obteined on one airplene to any
other alrplene. The term Ygust peak! as used 1in the
present peper 1s merely a convenlent designation for an
acceleration peek that has been modified by means of the
sharp-~edged-gust formula to eliminste primary alrplane
chareacteristies.
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Since preliminery examlinatlion of the data showed
that, throughout the range of gust intensities, up and
down gusts appesred to have an equal probabllity of belng
encountered, only the absolute values of effective gust
velocity |Ug|l (that is, the numericsl values without
regard to direction) have been considered.

The first step 1In the analysls was the determination
of a spacing between gust peaks such thet gusts with less
than this spaclng could reasonsbly be classed as repeated.
Because of the manner 1ln which the data had been evaluated,
this meximum specing could be expressed more convenlently
a8 an Ilncrement of time then es an increment of distance,
Exeminstion of the data disclosed thst the maximum time
interval for a gust-gradient distance (distance from the
beginring of a gust to the attaimment of peak gust veloclty)
for all gusts encountered during the present lnvestlgation
was 1,1 seconds. With the assumptlon that repeested gusts
are essentlally symmetrical so that the distance from the
begirniag of the gust to the attainment of peak gust
velo:ity 1s the same as the distsnce from the gust peak
to ths end of the gust, twice the value of 1.1 seconds
was selected as the maximum value. Thus, for the purposes
of this report, s set of gusts 1s classsd as repeated 1if
the time 3nterval between successive gust pesks 1is less
than 2.2 seconds. In figure 1, for examplse, & and b
form a set of two repeated gusts, ¢ 1s 1soclated 1ln space,
end d to h form a sot of flve repeated gusts.

Method of Counting

Within any set of repeated gusts, there exists one
or more smaller sets. The set of flve repeated gusts in
figure 1 contains five single gusts, four sets of two
reneated gusts (de, ef, fg, and gh), three sets of three
repeosaiad gusts (def, efg, and fgh), and sc forth.
Accoriingly, all the gusts (7800 gusts) were included in
the analysls of the single gusts; all tie gusts of the
repestsd-gust class (6800 gusts) were included in the
ane.yels of two repeated gusts; all the gusts that occurred
in sets of three or more repeated gusts (5200 gusts) were
included 1n the ansalysls of three repeated gusts; and so
on. The probabillity, based on values such as those just
glven, that a gust will occur in a set of N or more
repeated gusts (N =2, 3, L4, «..) is shown in figure 2.
(Probebillity may be interpreted herein as the ratlo of
the number of gusts satisfylng a glven condition to the
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total number of gusts encountered. Thus, 1f the proba-
bility that a gust will exceed a given velocity is P,
an average of one in every 1/P gusts will exceed that
velocity.) Throughout this report, the symbol N will
be used to indicate the number of gusts in a set- of
repeated gusts.

Statistical Procedures

The statistical methods employed permit the repre-
sentatlon of the gust-veloclty data 1n terms of three
statistical parameters. The basic assumptlon is that the
distributions of effectlive gust velocitles which occur
In sets contaelning different numbers of repeated gusts
can be represented by Pearson Type III probabllity curves
(reference 5). These curves form a three-parsmeter family;
the parameters for a particuler dlstributlion are determined
from the average absolute effective gust velocity 'Uelav'

the standsrd devietlion o0, and the coefficlent of
skewness Gz of the distribution. Specificatlion of

|U°|av’ o, and a3 1s therefore sufficient to describe
the distribution completely.

Values of ‘Ueiav’ 0, end az were computed for

gusts occurring 1n sets of N or more repeated gusts and
the results are presented in figure % together wlith what
seem to be reasonable trend lines. 1In order to determine
the validlty of the bsslc assumption and the dependabllity
of the trend lines, Pearson Type III curves (curve A
determined from the three parameters of the actual data
and curve B from the three parameters obtalned from the
trend lines) are compared with the actual data in figure h
for sets of flve repeated gusts. The results in figure
indicate that the parameters obtalned from the trend lilnes
in figure 3 may reasonsbly be used to represent the data
in future calculstions. The actuael computation of the
Type III curves 1s somewhat lnvolved and depends on tables
that are not 1n common use. In order thet the gust-
veloclty data might be presented 1n convenlent form,
curves similsr to curve B in figure L were drawn for all
values of N and the results summarlzed in figure 5,
which glves the probaebllitles of exceeding various values
of Ug for each value of N.
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Although the probability that the design gust velocity
of 30 feet per second will be exceeded (fig. 5) 1s greatest
in sets of about 20 repeated gusts, the fact that such
sets do not:occur so frequently as do single gusts and
sets of fewer repeated gusts (fig. 2) requlres that adjust-
ment in the probebllity levels be made to reduce all sets
to &8 common besls. This adjJustment may be made by multi-
plying the probabllitles of figures 2 and 5 at equal
values of N to obtain the probebillity thst a gust will
exceed a given value end occur in a set of N or more
repeated gusts. For example, the probsbility that a gust
in a set of 10 or more repeated gusts willl exceed 30 feet
per second 1s 0.0022 (fig. 5) and the probebility that a
gust will occur in a set of 10 or more repeated gusts
is 0,25 (fig. 2), so that the probability thet a gust
wlll exceed 30 feet per second and occur in a set of 10
or more repested gusts 1is 0.00055. In figure 6 these
probablilities are showvn for gusts exceeding 25, %0, and
35 feet per second.

Specing

The values of spacing D between successive gust
peaks were obtained from the time historles by use of the
followlng expression:

_ V. At

T 9.23

where 9.23 fest 1s the length of the mean serodynamic
chord for the XC-35 alrplane and

D

D spacling, chords

At increment cf tlme between successive gust peaks,
seconds

v true sirspsed, feet per sscond

values of D were averaged for gusts occurring Iin
sets of N or more repeated gusts, and the results are
presented in figure 7 in which the trend 1n the average
spacing Dgy between sucessive gusts with lncreasing N
1s shown.
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Sets of Two &nd Three Repeated Gusts

Since probablllty 1s considered herein as the ratio
of the number of .gusta that satisfy a gilven.condition to
the number of gusts encountered, there is no basis for
comparlng probabilities for different values of N unless
the total number of repested gusts 1s knownrr for each value
of N. Accordingly, in order that sets of two and three
repeated gusts might be compared, the number of occurrences
of each has been determined.

Since sets of three repeated gusts contaln two sets
of two repested gusts, sets of four contain three sets of
two repesated gusts, and so on, it follows that If MJ is

the number of gusts which cccur in sets of exactly ]
repeated gusts (J =2, 3, 4, ...), then

: J
represents the total number of sets of two repeated gusts
that wlll be encountered. Similarly,

E_,M JJ_:__2
J
J

represents the totsl number of sets of three repested
gusts thet will be encountered. Relative values of- My

were taken from flgure 2 by subtracting successive values
of probability. Substitution of these values into the
foregoing expressions showed that the total number of
sets of two end three repeated gusts 1s 65 percent and
h? percent, respectively, of the total number of gusts
encountered. With the TéOO gusts of the present investi-
gation, there are about 5100 sets of two repeated gusts
and about 3700 sets of three repeated gusts. The average
absolute effective gust veloclty 'Uelav was computed

for each of these sets and the results are vresented ln
figure §, which shows the number of sets of two and
three repeated gusts with |Ue|av exceeding a gilven

value, expressed 1n percent of the totsl numbsr of gusts
encountered. For compsarison, the distribution of all
gusts encountered (that is, the single-gust condition)
is also shown in figure 8.
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The envelopes of intensitlies of gusts that make up
the sets of two and three repeated gusts of large average
absolute intensity (lue’av Z 15 fps) are shown in fig-

ures 9 and 10, respectively. Figure 9 shows, for example,
that within the scope of thess data, a set of two repeated
gusts with lU9|av = 20 feet per second might reasonably

be expected to contsin gusts with velocitles from 8 feet
per second to %2 feet per second. . .

The envelope of spaclings for sets of two repeated
gusts of large average absolute intensity ([Ue]av z 15 fps)

is shown in figure 1l. For example, for sets of two
repeated gusts with IUé‘av = 20 feet per second, the

spaclng between the two gusts of the set might reasonably
be expected to be between sbout 9 end 58 chords. For sets
of three repeated gusts, the average of the two spaclngs

of the set has been taksn &s a ressonable measure of
spacling. In flgure 12, the limlt of these average spacings
1s showvn for sets wilth erlav’i 15 feet per second.

DISCUSSION

Inspection of figure 6 indicates thst if gust
Intensity were the sole criterion for the determination
of critical sets of repeated gusts for design purposes,
single gusts and sets containing a smsll number of repeated
gusts would be more important then sets contalning a large
number of repeated gusts. As has already been polnted
out, however, directions and specings must also be con=
sidered.

The over-all average spaclng between repeated gusts
was about 25 chords (flg. 7). ~One~half of this value
1s in good agreement with the average gust-gradient
distance of 10 chords upon which the present deslign gust
requirements are based. For gusts of large 1lntensity
(figs. 11 and 12) the average spaclng was ebout 20 chords
or twlce the design gust-graedient distsnce. The trend in
aversage spaclings between gusts shown in figure 7 1indicates
that spsecings between gusts tend to decreese as the number
of gusts in a set of repested gusts lncreases.

Obviously & detelled study could be mede of the
characterlistics of sets of any number of repeated gusts.
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Since informetlon concerning sets conteining a small
number of repeated gusts would be expected to be of most
value in-structural design problems, however, only single
gusts and sets of two end three repeated gilsts have been
analyzed in detall.

Single Gusts

Intensity.~- The distribution of 211 gust velocltles.
encountered during the investigetlon with the XC-35 alr-
plene hes been presented in figure 8. The probability
that the airplene will exceed the design guat veloclty
of 30 feet per second 1s approximetely 0.00l1; that 1s,
en average of one gust in about 1000 wlll have a veloclty
greater than 30 feet per second. The number of gusts
heving e veloclty greater than a glven value that willl be
encountered by an slrplane in turbulent alr within con-
vective clouds mey be calculated by useof figure-8 and ea
reasonsgble estimete of the number of gusts per mile of
turbulent alr.

Approximately 17 percent of all the gusts encountered
woere lsolated 1n space end none of these isolated gusts
had = velocity grester than 15 feet per second. Thus, in
turbulent alr, gusts tend to be contlguous and are seldom
found isclated 1n space.

Directlion.- Up end down gusts aprpeer to have an equal
chance of being encountered.

Sets of Two Repeated (Qusts

Intensity.- Examinatlon of the data indicated that,
in seTs of two repeated gusts, the first end the second
gusts have an equal chance of being the larger. The dis-
tribution of everege absolute gust lntensitles }Ué‘av

for sets of two repeated gusts 1s shown in figure 8. As
in the case of single gusts, this filgure together with an
estimate of gusts per mlle of turbulent alr permits the
calculation of the number of seta of two repeated gusts
with ‘Uelav greeter than e glven value that will be

encountered by an alrplsne in turbulent air.

Values of IUe av as high as 31 feet per second
were encountered in sets of two repeated gusts. Figure 8
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indicates that a set with ‘Ué‘av greater than 25 feet

per second will occur as often as a single gust of
Intenslity greater than 30 feet per second.

The range of gust velocltles that make up the sets
of large average asbsolute intensity (fig. 9) indicates
thet, within the scope of the present data, for
Iuelav = 25 feet per second, a range of gust velocitles

from 15 to 35 feet per second can be assumed in design
problems. Because of the small quantity of data obtalned
at the higher values of iuelav’ precise estimates of

the range of gust velocltles cannot be mads. The envelope
In flgure 9 represents an estimate that could be l1lmproved
If more data were avallable.

Directlon.~- As might be expected, an up or a down
gust seems to have an equal chance of being the first
encountered. In about two-thirds of the cases, however,
the successive gusts are opposite in direction.

Spaclng.~ The average spacing between two repeated
gusts was anut 25 chords with a range of 5 to 100 chords.
The range of spacings in sets of large intensity (fig. 11)
Indlcates that, within the scope of the data, for

IUb'av = 25 feet per second, spacings of 15 to 32 chords

can be assumed 1in design problems.

Sets of Three Repeated Gusts

Intensity.- The distributlon of average absolute
gust TnténsItles [Ue| gy for sets of three repeated

gusts 1s shown in figure 8. As in the case of single
gusts and sets of two repeated gusts, an estimate can
be made from this figure of the number of sets of thres
repeated gusts with erlav greater than a gilven value

thet wlll be encountered by an alrplane in turbulent air.

Values of 'Ueiav s high as 27 feet per sscond

were encountered in sets of three repeated gusts. Flg-
ure 8 indicetes thst a set with |Ué|av greater then

23.5 feet per second will occur as often as will a
single gust of intensity greater than 30 feet per ssecond.
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The range of gust veloclities that make up the sets
of large average sbsolute intensity (fig. 10) indicates
that, wlthin the gcope of the present data, for
lUélav = 23,5 feet per second, & range 10 to' 36 feet per

-8econd can be assumed in design problems.

Direction.- No predominant combination of up and
down gusts exlsts for sets of three repeated gusts. All
combinations seem to have an equal chance of being
encountered.

Spacing.- Spacing in a set of three repeated gusts
has been cEaracterized by the average of the two spaclings
between the three gusts in the set. The range of these
average apacings for sets of large intensity (fig. 12)
indlcates that, within the scope of these date, for
erlav = 23.5 feet per second, average spacings from

12 to 32 chords can be assumed in design problems.
Although setas of more than three repeated gusts have
not been analyzed in detall, recommendations concerning
these sets spparently shouid be similar to those advanced
for sets of two and three repested gusts.

Remarks on Applicstions

In applying the foregolng results to design problems,
8 sultsble forecing functlon must be selected to represent
a given set of repeated gusts. The form of this forcing
funetion may be determlned to a firat approximetion from
the shapes of the acceleratlon peaks involved. A wide
variety of peak shapes were sncountered but moat of the
peaks were approximately sinusoldal. It has already been
noted that, for repeated gusts of large intensity, the
average spscling between pesks was twlce the averege guste-
gradlent distance; that is, for these gusts little smooth
alr 1s encountered between successive gusts. These facts,
together with the assumptlon of gust symmetry, suggest that
the forcing function should be sinusoldel with the
distance between successlve zeros equal to the aversge
spaclng between the peaks and the ampllitudes determined
by the intensities of the indlvidual gusts.

The results of figures 8 to 12 have been summarized
in teble I, which presents the characteristlics of sets of
two and three repeasted gusts with average absolute
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Intensities that will be encountered as frequently as
single gusts with ebsolute Intensitles of 20, 25, 30,
and 35 feet per second. The ampllitude and perlod of the
forcing function may be selected on the basls of this
table. Inssmuch s any of the gusts in a set of repeated
gusts appears to have an equal probabllity of being the
larger, average conditions can be approximated if all
the gusts are assumed to have the same velocity. The
amplitude of the foreclng function may therefore be
determined from the aversge absolute gust velocity
selected from table I. The lmpressed frequencles mey be

computed from the ranges of spacings in table I for
comparison with the wing or pitching-motlion frequenciles.

CONCLUSIONS

Statistical methods have been eppllied to accel-
eration and sirspeed data obtelned wlth the XC-35 elr-
plane durlng flights In turbulent air in convectlive clouds
to dotermine some cf the characteristics of repseted or
closely spaced gusts pertinent to design problems. The
followlng conclusions were indicated:

1. In turbulent alr, within convective clouds,
gusts tend to be contiguous and are seldom found isolated
In space. All gusts of Iintensity greater than about
15 feet per second encountered during this 1nvestigation
were 1n the repeated-gust class.,

2. For sets of two repeated gusts, in sbout two-
thirds of the sets, successive gusts were found to be
opposite 1n direction and, as might be expected, elther
an vup or a down gust hed an equal chance of being the
first encountered. Both the first and second gusts have
an equal chsesnce of beaing the lerger.

3« The distributlion of gust intensitles that occur
in sets contelning different numbers of repested gusts
can be represented sdequetely by Pearson Type III
probabllity curves.

i. Based on the consideration of gust intensity
alone, single gusts and sets of two and three repeated
gusts are more Important then sets contalning a large
number of repeated gusts, since the probabllity of
encountering gusts of lesrge Intensity 1n these sets 1s
higher than in sets contalning larger numbers of repeated
gusts.
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5« The over-all average apacing between sets of
two repeated gusts is about 25 chords. The spacings
between gusts téend to-decrease as the number of repeated
gusts in a set Incéreases. :

6. For sets of two and three repeated gusts, average
absolute gust intensities in the neighborhood of the
design gust veloclty of 30 feet per second were encoun-
tered. Within the scope of present deta, sets of two
end three repeated gusts with average absolute effectlve
gust veloclties of 25 feet per second and 25.5 feet per
second, resvectively, spparently will be encountered 1in
turbulent alr as often as single gusts of Intenslty greater
then 30 feet per second.

Langley Memorisl Aeroneutical Laboratory -
Natlonal Advisory Committee for Aeronautics
Langley Field, Va.
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TABLE I

COMPARISON OF THE PERTINENT CHARACTERISTICS CF SINGLE GUSTS AND SETS
OF TWO AND THREE REPEATID GUSTS OCCURRING WITH EQUAL FRECQUENCY

Single gust Set of two repeatejd_ gusts Set of three repeated gusts

mff:;?ég;tguﬂ Eff‘erce:;ég.tgust %ﬁﬁgiﬁg) mffs%:igg?}tgust | %gggigg)
|U°| IUei avl Range Dgy| Renge !Uei av Range Dgy| Range
20 17 5 to 29 28 |5 to 64 |15.5 | 7 to 31.5 |26 |8 to L3
25 21 9 to 33 28 {12 to 54} 19.5 | 8 to 33.5 |2 8 to L1
30 25 15 to 35 {22 |15 to 32| 23.5 |9.5 to 36.0 |20 |12 to 32
35 29.5 {21.5 to 37.5{22 |15 to 30| 27.5 |10.5 to 38.5[20 |15 to 25
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Fig. 4 ' NACA ARR No. L5H30
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Fig. 6 NACA ARR No. L5H30
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Fig. 8 NACA ARR No. L5H30
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